The procalcitonin (PCT) assay is an accurate screening test for identifying invasive bacterial infection (IBI); however, data on the PCT assay in very young infants are insufficient.
T he prevalence of severe bacterial infections (SBIs), defined as urinary tract infection (UTI), bacterial gastroenteritis, and more invasive bacterial infections (IBIs), such as bacteremia and meningitis, varies from 5% to 15% in infants younger than 3 months, and diagnostically reliable symptoms or clinical signs are few. [1] [2] [3] [4] [5] Therefore, it can be difficult to distinguish young infants with SBIs from those with viral infection. As a result, a complete sepsis evaluation, empirical antibiotic therapy, and hospital admission are recommended for febrile infants up to 1 month of age and are common for those 1 to 2 months of age. 1, 2, 4, 6 Clinicobiological scores to identify patients at low risk of SBI have been developed to allow optimal treatment. 1, [6] [7] [8] These scores are less accurate in infants younger than 1 month, [9] [10] [11] difficult to use in practice, 12 and variably applied by physicians. 3, [12] [13] [14] [15] Their cost and the associated iatrogenic morbidity have not been extensively evaluated. Management of such cases could be improved by new tools, and candidates include diagnostic tests for viral infection 9, 16 and procalcitonin (PCT) assays with earlier detection than usual biomarkers. The value of the PCT assay has been evaluated for the detection of SBI in infants [17] [18] [19] [20] [21] [22] and more specifically of IBI, [23] [24] [25] and the findings are favorable. However, to our knowledge, few studies [26] [27] [28] [29] have assessed the performance of PCT assays for infants up to 3 months of age. The objective of this prospective study was to assess the diagnostic accuracy of PCT assays and to compare it with other, routinely used biomarkers for detecting SBI and IBI in febrile infants aged 7 to 91 days and for subgroups of infants according to their age (7-30 days or >30 days) and the duration of fever (≤6 hours).
Methods

Study Design, Setting, and Participants
We performed a prospective, multicenter, cohort study in 15 French pediatric emergency departments for a period of 30 months from October 1, 2008, through March 31, 2011 . The data management and analysis were performed from October 1, 2011, through October 31, 2014. Infants older than 7 days and younger than 91 days with temperatures of 38°C or higher at home or on admission, without antibiotic treatment within the previous 48 hours, and without major comorbidities (immune deficiency, congenital abnormality, or chronic disease) were eligible. We did not include infants 6 days or younger because they are likely to have early-onset sepsis related to perinatal factors 9 and because physiologic PCT concentrations during the first 3 days of life are higher than thereafter. 30 A list of eligible patients not included was established, and a systematic search for SBI in these patients was conducted. The Saint Germain en Laye Ethics Committee approved the study. Parental written informed consent was obtained.
Data Collection
Physicians recorded demographic and neonatal data, onset of fever, fever in family members, symptoms, and clinical findings, including the Yale Observation Scale. 31 At the end of the clinical examination and before the results of the tests were available, the physician classified the clinical appearance as well or minimally, moderately, or very ill. The investigations, including white blood cell (WBC), absolute neutrophil cell (ANC), and C-reactive protein (CRP) measurement, blood culture, urinanalysis, lumbar puncture, stool culture, and chest radiography, and the decision to treat with antibiotics or to hospitalize were left to the discretion of the physicians. Admitted patients were followed up until discharge, and discharged patients were followed up 48 hours after the initial admission with a medical visit or a telephone call.
Clinical Diagnoses
The attending physician made the diagnosis, categorized as SBI or no bacterial infection, masked to the PCT value. Definite SBI was defined as the isolation of a bacterial pathogen from the culture of blood, cerebrospinal fluid, stool sample, or urine collected by catheterization with 50 000 CFUs/mL or greater of a single pathogen with a pyuria (>5 WBCs per high-power field) and/or bacteriuria on microscopic analysis or a positive dipstick test result for leukocyte esterase or nitrite. 32 Infants with a urine culture from a bag specimen of 100 000 CFUs/mL or greater of a single pathogen were considered to possibly have a UTI, and infants with infiltrate on chest radiography interpreted by an experienced radiologist were considered to possibly have pneumonia and, accordingly, SBIs. The IBIs were bacteremia and bacterial meningitis defined as a pathogenic bacteria in positive culture of blood and cerebrospinal fluid, including PCT assay (BioMérieux) by a semiautomated enzyme-linked immunosorbent assay immune analysis. The CRP was measured using a rapid immunometric method (Vitros Fusion 5.1, Ortho Clinical Diagnostics) according to the instructions of the manufacturer. The WBC and ANC counts were measured using an automated cell counter.
Study Size and Main Outcome Measure
The sample size was calculated on the primary outcome measure: this required an accurate estimate of the area under the curve (AUC) of the receiver operating characteristic (ROC) curve of the value of the PCT assay for the diagnosis of IBI. The number of individuals to be included was determined from the accuracy of the 95% CI of this AUC. The sample size was estimated so that the 95% CI for AUC of the PCT assay would have a ±5% accuracy. Assuming an AUC at 0.85 and an IBI prevalence of 2%, a sample of 2000 infants was needed.
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Statistical Analysis
First, the general characteristics of the patients and clinical care conditions were described. The diagnosis was reported for the population as a whole and according to age (≤30 or >30 days). Categorical variables were reported as percentages and compared using the Fisher exact test or χ 2 test. The following analyses were performed between definite SBIs and no definite bacterial infection. For analysis of definite SBIs and IBIs that included laboratory data as predictors, we included only patients for whom a blood culture was obtained.
Second, clinical characteristics and laboratory values were compared between those with and without definite SBIs and IBIs. Third, a multiple logistic regression model was performed that included clinical and laboratory markers (PCT, CRP, WBC, and ANC as binary variables) that were significantly associated in the univariable analysis with the outcome variables (definite SBI and IBI). The optimal statistical cutoff values for each biomarker were calculated based on ROC curve analysis as the maximum (sensitivity + specificity − 1). Fourth, the diagnostic performances of the laboratory markers considered for detecting definite SBI and IBI were investigated by drawing a ROC curve and comparing the AUC 34,35 for all infants with blood cultures and among them, for those 30 days or younger and for those with fever lasting for less than 6 hours. A sensitivity analysis with definite plus possible SBIs was performed. Fifth, sensitivity, specificity, and positive and negative likelihood ratios were assessed for optimal cutoffs obtained from our ROC curve analysis and other previously published cutoffs.
19,20 P < .05 was considered statistically significant. STATA/SE statistical software, version 12 (StataCorp), was used for statistical analyses.
Results
Patient Characteristics
In total, 2981 consecutive infants were eligible and 2273 patients enrolled. The rate of bacterial infection did not differ among the 708 eligible but excluded patients for whom parental consent or data collection could not be obtained and the patients enrolled (39 [5.5%] vs 139 [6.1%], P = .50). After verification of the exclusion criteria, complete follow-up, and availability of PCT assay results, 2047 infants were included in the final analysis (eFigure 1 in the Supplement). Among excluded patients, the prevalence of definite SBI was 5.8% (6.8% among included infants, P = .60). The demographic, clinical, and care data for the study population are reported in Table 1 . Among infants without lumbar puncture performed, only 23 were discharged and treated with oral antibiotics. None had clinical worsening after the 48-hour follow-up.
Diagnoses
Among the 139 infants with a definite SBI (11.0% of those with blood culture), 115 (9.1% of those with blood culture) had UTI as diagnosed from catheterized urine specimens, with similar proportions in the 2 age groups (7.4% in those aged ≤30 days vs 9.6% in those aged >30 days, P = .26). Bacteremia was diagnosed in 13 infants and bacterial meningitis in 8 infants (1.0% and 0.6% of those with blood culture, respectively). Invasive bacterial infections were more frequent in the first month of life (3.3% of patients with blood culture) than in the following 2 months (1.2%; P = .01). Escherichia coli was the causative organism in 105 (91.3%) of the 115 UTIs and the species most frequently isolated from blood cultures (8 [61.5%] of 13) ( Table 2 ).
Predictive Factors of Definite SBIs and IBIs
The clinical and laboratory data compared between the categories of diagnosis using univariate and multivariate analyses are reported in Table 3 . The optimal cutoff points were 0.3 /L, multiply by 0.001), and 5000/μL for ANC count (to convert to ×10 9 /L, multiply by 0.001). In the multivariable analysis, a PCT level at the 0.3-ng/mL cutoff point was the only independent risk factor for IBI.
Test Performances
The AUC for the PCT assay for the identification of IBI was significantly better than those for CRP, ANC, and WBC measurements. The AUC for the identification of definite SBI for the PCT assay did not differ significantly from those for CRP and ANC measurements and was better than that for WBC mea- /L, multiply by 0.001. a Cutoff points of laboratory tests were calculated as the maximum (sensitivity + specificity − 1) using receiver operating characteristic curve analysis. Only those with blood cultures are included (n = 1258). b P value of the comparison between patients with definite SBI and without definite SBI (including possible SBI). c P value of the comparison between patients with IBI and without definite SBI (including possible SBI). d A YOS score greater than 10 denotes a high risk of SBI.
surement (Figure) . The AUC for the PCT assay and CRP measurement for the detection of definite SBIs did not differ significantly among patients with fever duration of less than 6 hours or those younger than 1 month. However, the AUC for the PCT assay was better than for CRP measurement in the detection of IBIs in both subgroups (eFigure 2 and eFigure 3 in the Supplement). Taking into account definite plus possible SBIs, the ROC curve had an AUC for PCT and CRP of 0.81 (95% CI, 0.78-0.84) and 0.83 (95% CI, 0.80-0.86; P = .06), respectively (eFigure 4 in the Supplement). The performances of the PCT assay and CRP measurement at selected and standard thresholds are summarized in Table 4 . Of the 21 patients diagnosed as having IBIs, 5 had a CRP level less than 20 mg/L, and only 1 had a PCT level less than 0.3 ng/mL (eTable in the Supplement).
Discussion
We report the results of a large prospective study that indicate that the PCT assay has better test characteristics compared with CRP, ANC, and WBC measurements for diagnosing IBIs in febrile infants aged 7 to 91 days admitted to a pediatric emergency department. Considering the AUC and selected and standard cutoff values, the PCT assay has better test indexes than CRP measurement for identifying IBIs, whereas the PCT assay has similar diagnostic properties as CRP measurement for detecting definite SBI in this same population. However, urinalyses are reliable to rule out SBI, contrary to IBI, considering that the most common type of bacterial infection in this age group is UTI. Among infants 30 days or younger and included only infants younger than 3 months. The only such prospective study included 234 infants and reported an AUC curve for the PCT assay of 0.82 for definite SBI; this value was greater than those for ANC and WBC measurements but was not compared with that for CRP measurement. 26 The studies by Olaciregui et al 27 and Gomez et al 28 retrospectively included 1112 and 347 infants, respectively, and found better AUC curves for the PCT assay than for CRP measurement for identifying IBIs. Both reported similar discriminative capability of the PCT assay and CRP measurement to predict SBI in the whole population; this capability may be improved if only infants with fever of recent onset are considered. 27, 28 However, these findings should be interpreted with caution. Olaciregui et al 27 indicated that the trend for improvement in the predictive value of PCT in infants with fever lasting for 12 hours or less was small. Gomez et al 28 included infants not only with fever lasting for less than 6 hours but also with normal urinalysis results. Although we cannot ensure that the onset of fever reported by parents is absolutely reliable, we assumed that parents of very young infants were very careful.
No marker can replace clinical judgment in cases of severely ill patients or patients with sepsis. In the multivariate analysis, clinical features were not independent predictive factors for IBI. It would be extremely valuable to find a marker with high diagnostic value to rule out this type of infection. Our findings provide further evidence that PCT is the best marker for this purpose and, in particular, when using a cutoff value of 0.3 ng/mL. This threshold is lower than the 0.5 ng/mL value commonly used for PCT and provides the best diagnostic accuracy for bacterial infections overall. This finding is supported by a meta-analysis 36 of the same age group and outcome. Lowering the cutoff to 0.12 ng/mL as suggested by Maniaci et al 26 would have detected all IBIs in our sample, but the specificity would have been decreased to 26%. Increasing the cutoff to 0.5 ng/mL may lead to a lower negative likelihood ratio (likelihood ratio of 0.2), whereas a cutoff point of 0.3 ng/mL provided a useful negative likelihood ratio (likelihood ratio of 0.1) in our study. Urinary tract infections were the most frequent SBI, accounting for 80% of all SBIs. Consistent with published findings, UTIs were found in 5.6% in the total sample by analysis of urine from catheterization 3 and in 14.1% by analysis of urine from catheterization and bag. 28 In cases in which PCT alone failed to identify a UTI, combination with rapid urine analysis, eg, urine dipstick tests, might help improve practice. 29 Urine dipsticks have been previously reported to have good diagnostic performance in this age group and in older infants, such that this approach may be adequate for screening for UTIs. 37, 38 In addition, PCT is useful as a predictor of late renal scars and vesicoureteral reflux and may be useful for identifying infants who may benefit from a dimercaptosuccinic acid scan, thereby helping to avoid unnecessary cystourethrography. 21, 39 Bacteremia and bacterial meningitis were detected in 13 (1.0%) and 8 (0.6%) of 1258 infants from whom blood cultures were obtained, respectively. These results were close to those of 2 previous large series, 3 Our study has other limitations. The treatment of the infants enrolled was at the discretion of the investigator, which may have introduced variability of care. These variations indicate, however, the clinical practice conditions. In addition, not all febrile infants younger than 3 months presenting at participating centers during the study period were enrolled for analysis. Nevertheless, the frequencies of SBI among these infants were not significantly different from those of the 2047 infants included in the analysis.
A higher UTI prevalence was reported for bag specimens than for catheterization specimens. Bag collection is known as a method that overestimates UTI diagnosis. Nevertheless, positive culture results from bag specimens are classified as possible UTIs and not as definite SBIs. We also did not consider pneumonia as a definite SBI. This bias did not, however, affect the results obtained for prediction of definite SBI and IBI. The performances of the PCT assay and CRP measurement are, however, slightly different between definite SBI and definite plus possible SBI identification. Catheterization is probably the best urine collection procedure, but bags are still widely used for urine collection from infants, and because viral or bacterial pneumonia can be indistinguishable, these findings have implications for current practice.
Our results suggest that it may be possible to improve clinical practice for the treatment of young febrile infants. Despite the rarity of IBIs, our sample size and primary outcome based on the diagnosis of IBI allowed us to assess the performance of the PCT assay in this population and to identify a threshold that would adequately distinguish infants at low risk for IBIs. Although our optimal PCT threshold is calculated in isolation and may be different in the multivariable model, one advantage of our results may be the potential to avoid lumbar puncture, particularly in patients older than 1 month with a PCT level less than 0.3 ng/mL. Although the PCT assay is probably the best biological predictor currently available to distinguish between IBI and viral infection, 40 false-negative or false-positive results are possible but rare. 24 Although it would be unwise to use the PCT assay alone, combined with careful analysis of the case history, physical examination, and appropriate tests, it provides important information for the detection of IBIs in this population.
